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A cone beam circular half-scan scheme is becoming an attractive imaging method in cone beam CT since it improves the temporal
resolution. Traditionally, the redundant data in the circular half-scan range is weighted by a central scanning plane-dependent
weighting function; FDK algorithm is then applied on the weighted projection data for reconstruction. However, this scheme
still suﬀers the attenuation coeﬃcient drop inherited with FDK when the cone angle becomes large. A new heuristic cone beam
geometry-dependent weighting scheme is proposed based on the idea that there exists less redundancy for the projection data
away from the central scanning plane. The performance of FDKHSCW scheme is evaluated by comparing it to the FDK full-scan
(FDKFS) scheme and the traditional FDK half-scan scheme with Parker’s fan beam weighting function (FDKHSFW). Computer
simulation is employed and conducted on a 3D Shepp-Logan phantom. The result illustrates a correction of FDKHSCW to the
attenuation coeﬃcient drop in the oﬀ-scanning plane associated with FDKFS and FDKHSFW while maintaining the same spatial
resolution.
Copyright © 2006 D. Yang and R. Ning. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
The use of the half-scan method in cone beam CT has been a
hot topic in the recent years owing to the resultant improve-
ment in temporal resolution [1, 2]. There are currently sev-
eral diﬀerent types of cone beam half-scan schemes, such as
FDK-based [3–5], cone beam ﬁltered-backprojection-based
(CBFBP)[6],andGrangeat-based[7].Eachschemeusespla-
narscanningtrajectories(circularornoncircular)toconduct
the half-scan scheme. Theoretically, a circular half scan can
acquire approximately the same information in the radon
domain as a circular full scan in terms of the ﬁrst deriva-
tive radial data, as long as the reconstructed object is within
a certain size based on the derivation of the Grangeat for-
mula [8]. Even in the circular half-scanning range, redun-
dancy still exists. The Grangeat-type half scan (GHS) maps
the spatial projection data into the ﬁrst derivative radial data
and weights them in the radon domain. After adding miss-
ing data through linear interpolation/extrapolation in the
shadow zone of the radon domain where a circular scan can-
not access, a 3D radon inverse formula is used to get the re-
constructed image.
Current FDK-type half-scan (FDKHSFW) schemes for
conebeamCTuseParker’s[9]orotherweightingcoeﬃcients
based on fan beam geometry, where same weighting coeﬃ-
cients are applied to all detector rows. The CBFBP algorithm
manipulates the redundant projection data in the radon do-
main; does the half-scan reconstruction in the structure of
ﬁltered backprojection (FBP) and achieves almost the same
performance as FDKHSFW. The Grangeat-type half-scan
scheme outperforms the FDK-type half-scan scheme in the
correction of the oﬀ-scanning plane attenuation coeﬃcient
drop when the shadow zone is ﬁlled with the linear inter-
polated data. However, the spatial resolution of the recon-
structed images from GHS is inferior to that of FDKHSFW
because data interpolation is less involved in FDK than in
GHS [10]. Furthermore, GHS cannot handle the truncated
data in the longitudinal direction. The CBFBP-related half-
scan and FDKHSFW showed obvious attenuation coeﬃcient
drop artifacts in the position of the reconstructed image far-
thest away from Z = 0, where Z is the rotation axis. This
artifact is undesirable in practice.
In order to correct this drop problem to a certain degree
as well as to maintain spatial resolution, we propose an FDK
half-scan scheme with a new weighting function that ﬁts
the cone beam geometry (FDKHSCW), where the weighting
function is cone beam geometry dependent. In Section 2, the
FDK half-scan algorithm with the new cone beam weighting2 International Journal of Biomedical Imaging
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Figure 1: Equal space cone beam geometry with circular scan.
function is described. In Section 3, the computer simulation
is conducted and the FDKHSCW is evaluated in comparison
to FDKFS and FDKHSFW. Discussions and conclusions are
included in Section 4.
2. CIRCULAR CONE BEAM HALF-SCAN
SCHEME (FDKHSCW)
2.1. Conebeamhalf-scanweightingfunction
The FDK [11] algorithm expands upon the fan beam algo-
rithm by summing the contribution to the object of all the
tilted fan beams. The reconstruction is based on ﬁltering and
back projecting a single fan beam within the cone. Based on
the cone beam geometry in Figure 1, the formula of the FDK
is
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1
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The ∗ sign denotes the convolution; so the distance from the
X-raysourcetotheorigin; n,mtheintegervaluewheren = 0
and m = 0 correspond to the central ray passing through
the origin; β the projection angle deﬁned in the scanning
plane; p the virtual detector sampling interval along the t
axis; ξ the virtual detector sampling interval along the Z axis;
Rβ(np,mξ) the actual discrete 2D projection data; and h(np)
the discrete one-dimensional ramp ﬁlter impulse response
along the t axis.
The preweight term, so/
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This means that FDK projects the oﬀ-scanning plane projec-
tion data into the scanning plane andthen followsthe 2D fan
beam reconstruction algorithm. In (1), the factor of 1/2i n
front of the integral is used to cancel the projection redun-
dancy when a full circular scanning is conducted. This im-
pliesthattheoﬀ-scanningplaneprojectiondatahasthesame
redundancy as the projection data in the scanning plane.
Cone beam half-scan scheme is also the extension of the
fan beam half scan combined with the FDK, in which the
weighting coeﬃcients calculated from the scanning plane ge-
ometry are applied to all projection rows as follows:
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ThisistheFDKHSFWscheme,whereΔishalfthefullfan
angle of the central-scanning plane along the t axis. The oﬀ-
scanning plane projection data are still treated as they haveD. Yang and R. Ning 3
the same redundancy. ω(β,np) is the discrete weighting co-
eﬃcient, calculated based on the scanning plane geometry,
and can be represented by Parker’s weighting function or any
other weighting function as long as it can make a smooth
transition between the doubly and singly sampled regions
to avoid discontinuities at the borders of these regions. Un-
doubtedly, FDKHSFW holds all the properties that the FDK
full-scan scheme does.
For cone beam projection data oﬀ the scanning plane,
however, it is impossible to obtain completely doubly sam-
pled projections for a single circular orbit acquisition,
even if projections are sampled over 360◦ [5]. In other
words, the projection redundancy becomes less and less
when projection rows get further away from the scan-
ning plane. If the FDK algorithm had been directly ap-
plied to unweighted half-scan projection data, the recon-
structed images would unavoidably have artifacts. One way
to handle the weighting on the less redundancy projec-
tion row data away from scanning plane is proposed as fol-
lows:
ω(β
 ,np) =
⎧
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩
sin
2
 
π
4
β 
Δ  −tan−1(np/so )
 
,0 ≤ β  ≤ 2Δ  −2tan −1
 np
so 
 
,
1, 2Δ  − 2tan −1
 np
so 
 
≤ β  ≤ π −2tan −1
 np
so 
 
,
sin
2
 
π
4
π +2 Δ  − β 
Δ  +tan −1(np/so )
 
, π −2tan −1
 np
so 
 
≤ β  ≤ π +2 Δ ,
(4)
where
β
  = β ·
1
 
1+m2ξ2/so2
,
so
  =
 
so2 +m2ξ2,
Δ  = tan−1
 
MO
so 
 
.
(5)
β  is the cone-weighting angle which will be described in
the next section. β  is dependent on the position of the row
projection data in the Z direction (rotation axis). Δ  is half of
the titled fan angle that is adopted from Gullberg and Zeng
[5]. Notice that when m is zero, this weighting function is
actually the Parker’s weighting function for fan-beam.
Byincorporatingthecone-beamweightingfunctionwith
FDK, FDKHSCW is obtained as follows:
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Please note that the projection data must be weighted
prior to being ﬁltered. Since FDKHSFW is the commonly
acknowledged scheme for half-scan reconstruction, the re-
quirement for FDKHSCW is that it should produce no more
artifacts than FDKHSFW.
2.2. Furtherinvestigationofhalf-scancone
beamweighting
In a circular fan-beam half-scan, there are two redundant re-
gionsinthescanningplaneintermsoftheprojectionangleβ.
Figure 2showsthattheprojectingraydataacquiredinregion
I will have a conjugate ray data in region II. In these two re-
gions, the projection ray data is wholly or partly redundant.
If half of the full fan angle is Δ degrees, the half-scan range
in terms of projection angle deﬁned in the scanning plane is
from 0◦ to 180◦ +2Δ. The ﬁrst and second redundant region
is from 0◦ to 4Δ and from 180◦ − 2Δ to 180◦ +2 Δ,r e s p e c -
tively. In the traditional FDK cone-beam half-scan scheme,
all the row projection data are weighted by the same set of
coeﬃcients deﬁned in the scanning plane because the row
projection data away from the scanning plane are expected
to have the same redundancy as those in the scanning plane.
The proposal of the circular cone beam half-scan weight-
ing scheme is based on the idea that the weighting coef-
ﬁcients should be diﬀerent for projection data in diﬀerent
rows, and for the row projection data furthest away from
the scanning plane, it should be weighted less. As of this
date, we have not seen any literature discussing this issue.
We found that if we use β  = β(1/
 
1+m2ξ2/so2) as the
weighting angle for diﬀerent row projection data, then, the
weighting coeﬃcients in the ﬁrst redundant region away
from the scanning plane are not much diﬀerent from those
calculated in the scanning plane; the biggest diﬀerence is be-
low 0.2 percent if Δ = 15◦ and the half cone angle is also
15◦. On the other hand, when β  is used as the weighting4 International Journal of Biomedical Imaging
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Figure 2: Illustration of redundant region in terms of projection angle in circular fan beam half scan.
angle in the second redundant region, the weighting coef-
ﬁcients away from the scanning plane behave obviously dif-
ferently from those in the scanning plane and diﬀerent from
each other at the diﬀerent rows, thus resulting in the com-
pensation for the density drop in the place away from the
scanning plane in the reconstruction image. The weight-
ing angle β  has two characteristics: ﬁrst, it has row po-
sition dependence that is reﬂected by mξ, indirectly con-
nected to the cone angle information; second, it has less
diﬀerence from β when β is in the ﬁrst redundant region
than when β is in the second redundant region. Thus, it is
beneﬁcial to construct the cone angle dependent weighting
coeﬃcients in the second redundant region to achieve our
scheme.
3. COMPUTER SIMULATION AND EVALUATION
In order to make computer simulation closer to the practical
CBCT conﬁguration, geometric parameters are set in terms
of physical length (millimeter) rather than normalized units.
The distances from the X-ray source to the iso-center of the
reconstruction and to the detector are 780mm and 1109mm
respectively. The full fan and cone angles are 30 degrees. The
detector area is 595 × 595mm2 and has a 512 by 512 ma-
t r i xs i z e .T h ev o x e ls i z ei s0 .816mm3. Cartesian coordinate
(X,Y,Z) is used to deﬁne the object, where Z is the rotation
axis.Thesamplingrateofprojectionangleis0.8◦ withtheto-
tal number of projection images of 450 for full scan and 262
for half scan. The low contrast Shepp-Logan phantom was
used (see [7] for geometrical parameters), all of its geometri-
cal parameters are multiplied by 200 to simulate the physical
length (millimeter) of the phantom.
3.1. Theweightingcoefﬁcientsdistribution
comparisonofFDKHSCWandFDKHSFW
Based on the scanning geometrical parameters deﬁned
above, weighting coeﬃcient distributions associated with
FDKHSFW and FDKHSCW are compared by picking up
β = 46◦ in the redundant region I and β = 192◦,a s
Figure 3 illustrates, in the redundant region II as described
in Section 2.2.
3.2. ReconstructioncomparisonofFDKHSFW
andFDKHSCW
Figure 4 shows the reconstructed sagittal image from dif-
ferent FDK schemes at X = 0mm with the display win-
dow [1.005 1.05] and the proﬁle comparison along the solid
white lines in the phantom image (d). The ramp ﬁlter was
used on the noise-free weighted projection data before back-
projection.
3.3. Simulationonquantumnoisecontaminated
projectiondata
In order to test the performance of this new scheme over
the quantum noise that is commonly encountered in prac-
tical CBCT data acquisition, we generated quantum noise
contaminated data. X-ray with 100kVp was selected which
corresponds to an eﬀective photon ﬂuence of 2.9972∗107
photons/cm2 · mR [12]. The exposure level per projection
was set to 4mR, the total exposure levels for FDKFS and
FDKHSCW are 1800mR and 1048mR, respectively. Figure 5
shows the reconstructed results under diﬀerent noise levels
and proﬁle comparisons. Hamming window is used during
ﬁltering to suppress the noise.
4. DISCUSSIONS AND CONCLUSION
A new cone beam weighting scheme has been heuristi-
cally proposed for the FDK-based circular half-scan recon-
struction (FDKHSCW) to correct the density drop arti-
fact to a certain degree along the rotation axis inherited
with original FDK algorithm for large cone angle. Computer
simulation on the Shepp-Logan phantom with and with-
out noise showed an improvement when using FDKHSCW
over FDKFS and FDKHSFW in terms of the attenuationD. Yang and R. Ning 5
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Figure 3: Weighting coeﬃcients comparison between FDKHSFW and FDKHSCW when β = 46◦ and when β = 192◦ as shown in (a), (b)
and (c), (d), respectively.
coeﬃcient drop when the cone angle is large while maintain-
ing the same visual image quality. FDKHSCW needs addi-
tional cone-beam weighting before ﬁltering and only uses a
scanning range of [β,180   β   2Δ], where β is the starting
projection angle of X-ray, and Δ is half of the full fan an-
gle; both of them are deﬁned in the scanning plane. As soon
as the starting angle is determined, each projection image
can be processed (cone-beam weighting for half scan, pixel
weightinginheritedbyFDK,andﬁltering).So,itwilltakeless
time to reconstruct an object in comparison to the full-scan
scheme, a very desirable feature in practice. In addition, the
half-scan scheme provides a ﬂexibility to choose any start-
ing point for reconstruction as long as the scanning range is
guaranteed, another preferable feature for cone beam CT dy-
namicimaging.BasedontheideaproposedbySilver[13],we
can even conduct an extended half-scan scheme by making
the scanning range larger than 180   2Δ applying this new
cone beam weighting function for better noise characteristic.
Our proposed circular cone-beam half-scan weighting
scheme works better for low-contrast object. We can see
from our simulation on Shepp-Logan phantom that the
largest compensation is within 0.03 in terms of attenuation
coeﬃcient. We expect that FDKHSCW can show improve-
ment in terms of intensity drop in the high-contrast phan-
toms, like a Defrise disk phantom. Yet, it is not as promising
as in the low-contrast phantom.
Other proposed modiﬁed FDK methods called T-FDK
and FDK-SLANT [14, 15] also corrected the attenuation
coeﬃcient drop to some extent along the rotation axis in-
herited in FDK with a larger cone angle. There is a dif-
ference between these methods and FDKHSCW. Although
the results of these methods showed similar correction to
FDKHSCW, FDK-SLANT and T-FDK need to be paral-
lel rebinned from cone beam data. That means the ﬁlter-
ing portion would not start until the whole set of data ac-
quisition and parallel resorting procedures are completed
and then followed by backprojection for image reconstruc-
tion. FDKHSCW possess the advantage that once a 2D
projection data is acquired, the ﬁltering portion can start
and be immediately followed by backprojection. As long
as the gantry speed and readout rate is high enough, this
scheme can provide almost real time monitoring when con-
tinuous dynamic imaging is conducted. Wang [16]d e v e l -
oped a weighting scheme for cone beam full circular-scan6 International Journal of Biomedical Imaging
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Figure 4: Reconstructed sagittal image from diﬀerent FDK schemes at X = 0mm and respective line proﬁle comparison in (e) and (f) along
the solid vertical and horizontal white line shown in (d).
reconstruction on a displaced detector array without re-
binning the projection data for reconstruction. As for the
redundant area, our scheme can be applied to this algo-
rithm by adjusting the weighting conditions in the scanning
range.
Recently a new circular 3D weighting reconstruction al-
gorithm [17] was proposed to reduce cone beam artifact
based on the investigation on the data inconsistency between
a direct ray and its conjugate rays. The basic idea is to have
ﬁltered projection data multiplied by correction coeﬃcients
that are cone beam geometrical dependent during the back-
projection.ButtheartifactitcorrectsisnotwhatFDKHSCW
tries to correct here, namely attenuation coeﬃcient drop.
However, it is worth trying to combine these two schemes
for future evaluation.
Inconclusion,byincorporatinganewconebeamweight-
ing scheme, a new FDK-based heuristic half-scan approx-
imate algorithm for circular trajectory has been proposed
based on ﬂat panel detector, and the numerical simulation
demonstrated its feasibility.D. Yang and R. Ning 7
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Figure 5: (a) FDKFS with total exposure level of 1800mR. (b) FDKHSCW with total exposure level of 1048mR. (c), (d) Proﬁle comparison
between FDKFS, FDKHSCW, and phantom along the solid vertical and horizontal lines in Figure 4(d).
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